INTRODUCTION
============

Elastic materials, especially those that allow reversible large-strain deformation, can find demand in diverse engineering applications ([@R1]--[@R5]). However, mechanical properties of almost all existing materials are temperature dependent. In particular, ductility and/or elasticity are generally compromised when considerably lowering the temperature ([@R2], [@R6]). This is because the atomic bonding and/or molecular motion that essentially determine the mechanical properties are inherently thermally activated ([@R2], [@R7]--[@R9]). This restricts the range of applications of almost all these materials in variable-temperature conditions, particularly from extremely low to extremely high temperatures. For example, typical elastic polymers have high elasticity in a limited temperature range (e.g., −55° to 300°C for the well-known silicone rubber), above which the material softens and breaks down and below which the material undergoes a glass transition and gradually loses its elasticity (becomes hard and brittle) ([@R10]). Conventional inorganic materials, such as metals, ceramics, and their alloys and composites, tolerate only a very small elastic strain \[for example, about 0.5% for metals ([@R7]) and less than 0.1% for ceramics ([@R7])\]. There have been some attempts to create super-elastic alloys ([@R11]) and ceramics ([@R12]) with reversible phase transformation, rendering a class of elastic materials with improved elastic strain range (generally less than 10% tensile or compressive strain). However, their mechanical properties and elastic strain range remain temperature dependent and typically deteriorate because of atomic diffusion ([@R7], [@R13]). Recently, it has been found that the introduction of structural hierarchy and cellular architecture can improve material utilization with further enlarged elastic strain range and ductility \[e.g., polymer foams ([@R2]), metallic microlattices ([@R14]), and ceramic nanostructures ([@R15])\]. However, temperature dependence still exists because the mechanical properties are intrinsically determined by both the solid constituent and their cellular architecture (e.g., polymer foams generally have a glass transition issue) ([@R2]). A well-known exception, Elinvar alloys ([@R16]), have temperature-independent mechanical properties from a hundred of degree Celsius above zero to tens of degree Celsius below zero. However, its low-temperature limit is far from the desired cryogenic region. Meanwhile, their elastic strain range is quite small (usually \<0.2%), and creep is also an issue ([@R17]). Thus, it will be unprecedented to have bulk materials exhibiting both large-strain elasticity and temperature-invariant mechanical properties over a wide temperature range, particularly down to the deep cryogenic temperatures.

Carbon nanomaterials, such as carbon nanotube (CNT) and graphene, have been thought as suitable building blocks for making temperature-invariant elastic materials because of their extraordinary mechanical properties, flexibility, and exceptional thermal stability ([@R18]--[@R21]). However, it has been a great challenge to realize these intrinsic properties in the bulk material scale, because restacking and/or agglomeration of nano-individuals (graphene sheets or nanotubes) severely diminish or weaken most of their intrinsic properties. Previous works have demonstrated compressive elastic three-dimensional (3D) graphene materials that show large and reversible deformation at room temperature (RT) ([@R22]--[@R24]), in liquid nitrogen (77 K), and in inert atmosphere up to 900°C ([@R25]). However, to the best of our knowledge, cryogenic mechanical properties for bulk graphene materials at liquid helium temperature have not been studied yet. This is probably because the experiments at such low temperatures are very challenging and also because no such material with super-elasticity at deep cryogenic temperatures has been reported or predicted before. In addition, we noticed that some intrinsic mechanical properties of the single-layer graphene, including elasticity and other moduli at various temperatures, have been investigated theoretically ([@R26], [@R27]) and experimentally ([@R28], [@R29]). However, studies for these mechanical properties at super-low temperatures (liquid helium temperature) are also rare ([@R30], [@R31]), and there are no reports yet for a material to demonstrate temperature-invariant mechanical properties in a wide temperature range. Inspired by these studies and the unique structure of our 3D cross-linked graphene (3DGraphene) foam ([@R25]), together with the intrinsic properties of an individual graphene sheet ([@R26], [@R27]), we wondered whether the super-compressive elasticity and other mechanical properties of graphene foams would be maintained at extreme temperatures, such as at liquid helium temperature, and whether the remarkable mechanical properties of graphene materials could be maintained both at deep cryogenic temperatures and at bulk scales. If cross-linked graphene (foam) structures show repeatable high deformability without fracture at temperature as low as liquid helium, then there would be no parallel to such materials so far. It should also be noted that almost all materials would behave quite differently and, in some cases, might demonstrate unexpected properties at deep cryogenic temperatures, as compared to that at RT or even at liquid nitrogen temperature. For example, the well-known phenomena superconductivity ([@R32]) and superfluidity ([@R33]) were first discovered until the temperature was down to \~4 K. Therefore, studies for the properties (including mechanics) at such deep cryogenic temperatures should be important, and some unexpected properties might be observed.

In this work, we systematically and quantitatively investigated the mechanical properties of the 3DGraphene foam using a homemade in situ large-strain mechanical analysis system (more details in Supplementary Methods). This system simultaneously realizes real-time recording of the deformations for the materials without resetting the tested sample and breaking the vacuum in a wide temperature range, continuously starting from deep cryogenic temperature at 4 K to a high temperature of 1273 K. We find that even at liquid helium temperature, the 3DGraphene foam, in which randomly oriented graphene sheets are chemically cross-linked through covalent bonds mainly at the edges ([Fig. 1A](#F1){ref-type="fig"}), exhibits the same mechanical properties as those at RT, including nearly fully reversible super-elastic behavior of up to 90% strain, unchanged Young's modulus, near-zero Poisson's ratio, and great cycle stability. Furthermore, these mechanical properties are also quantitatively proved to be temperature invariant over a wide temperature range from deep cryogenic temperature (liquid helium, 4 K) to 1273 K. These remarkable and macroscopic temperature-invariant mechanical (super-elastic) properties even down to deep cryogenic temperatures have not been observed/reported for any bulk material before. These unique mechanical behaviors arise from the remarkable temperature-invariant elasticity and flexibility of the individual graphene sheets and covalent junctions between the sheets in the bulk material. The temperature-invariant elasticity and flexibility of graphene is the result of the unique bonding of carbon in the sp^2^-hybridized planar graphene sheets with soft out-of-plane bending modes and strong in-plane stretching modes with very high energy for defect formation ([@R26], [@R34]). The intrinsic temperature-invariant mechanical properties of graphene, combined with the unique cross-linked structure and high porosity of the 3DGraphene material, makes the bulk material fully elastic and other temperature-invariant mechanical properties down to liquid helium temperature. These results also imply that using the same strategy (cross-linking in the 3D manner) and other 2D structure units as the building blocks, some other unprecedented properties might be achieved for the bulk assembly of recently emerging 2D materials.

![The structure of the 3DGraphene foam.\
(**A**) Schematic of the formation and structure of the bulk 3DGraphene foam. The spatial density of oxygen atoms mainly at the edges in the schematic was adjusted for clarity but did not represent its actual ratio in the material. (**B**) Cross-sectional scanning electron microscopy (SEM) image of the 3DGraphene foam (along the axial direction) with a homogeneous and highly porous structure. (**C**) Magnified SEM of the 3DGraphene foam. Inset: Magnification of the selected area that demonstrates that graphene sheets are chemically cross-linked together at the cell node (with quasi-hexagonal configuration). Scale bars, 200 μm (B), 50 μm (C), and 10 μm \[inset of (C)\].](aav2589-F1){#F1}

RESULTS
=======

Structure of the 3DGraphene foam
--------------------------------

The 3DGraphene foam, with an absolute density (ρ~a~) of \~1.50 mg cm^−3^, was obtained using a modified method based on our previous work ([@R25]) and then cut carefully to regular shapes using laser for accuracy of measurements (fig. S13). It exhibits a porous, open-cell honeycomb structure and graphene only--based interconnected framework, with tens of micrometers of separation between the individual graphene sheets (the cell walls) to form a large void volume ([Fig. 1, B and C](#F1){ref-type="fig"}). As demonstrated in previous works ([@R25], [@R35]), the cell walls were proved to be mostly single-layer (with some minor few layers) graphene sheets, while the graphene cell walls were chemically cross-linked together at the cell node ([Fig. 1A](#F1){ref-type="fig"} and inset of [Fig. 1C](#F1){ref-type="fig"}). As shown in [Fig. 1A](#F1){ref-type="fig"}, in the graphene oxide (GO) suspension, the graphene sheets should be distributed homogeneously at individual sheet state because of its low concentration and strong solvent interaction between GO and the solvent molecules (including the strong H bonding) ([@R25], [@R36]). Then, under solvothermal synthesis conditions, adjacent single-layer graphene sheets were chemically cross-linked with each other mainly at the edges via oxygen-containing groups, such as OH, COOH, and epoxy groups that are mainly located on GO sheet edges, to form a monolithic 3D chemically linked network ([@R25]). This structure was essentially homogeneous and isotropic (fig. S14), similar to the theoretically proposed 3D cross-linked graphene monolithic networks ([@R37], [@R38]), resulting in essentially isotropic mechanical properties.

Apparatus for in situ and variable-temperature mechanical measurements
----------------------------------------------------------------------

For variable-temperature mechanical measurements from 4 to 1273 K, a homemade mechanical analysis apparatus (fig. S2) that can withstand liquid helium temperatures was used to overcome the temperature limitation of commercial systems. It also simultaneously integrated a cryogenic system (with liquid helium or liquid nitrogen loop filled in the refrigerant pipelines) and a heating system (with electric resistance wire heater) in a homemade extreme temperature--resistant chamber (more details in Supplementary Methods), which could provide a continuously and widely variable temperature environment without moving/resetting the sample or breaking the vacuum. An endoscope was also introduced into the sample chamber to in situ observe and record the sample deformations during the mechanical measurements. To exclude the influence introduced by the interaction between the pore/cell walls (graphene sheets) and the fluid (gases or liquids, as the situations of most previous works) ([@R23], [@R25]) on the mechanical properties, we performed all the tests here for the 3DGraphene material from cryogenic to high temperature in high vacuum (10^−4^ Pa). The introduced endoscope, combined with the continuously operable sample chamber under vacuum, makes it possible to in situ observe and record in real time the mechanical properties of the sample, which has not been reported before.

Mechanical properties at deep cryogenic temperatures
----------------------------------------------------

The mechanical properties of the 3DGraphene foam were first investigated by a single uniaxial compress-release operation at 4 K using the abovementioned homemade mechanical analysis apparatus (more details in Supplementary Methods). The super-compressive elasticity of the material, which combines both large strain up to 90% and high reversibility, was directly observed at the deep cryogenic temperature of 4 K ([Fig. 2A](#F2){ref-type="fig"} and movie S1). Note that the stress-strain curves at RT (298 K) and deep cryogenic temperature (4 K) almost completely overlap with each other ([Fig. 2B](#F2){ref-type="fig"}). Both the compression plots start from linear elastic behavior and deviate to a deformation with a near-plateau stress and then to a rapid increase of stress up to 90% strain. Upon unloading, the stress dropped sharper than during compression with a slight hysteresis. The responsible mechanisms for the hysteresis could include the intra- and interwall van der Waals adhesion and friction during deformation and de-binding of the cell walls to recover their nearly original configuration upon unloading ([@R4], [@R39]). For our 3DGraphene foam, it is believed that during compression, some local positions of the graphene cell walls would get closer and might have contact with each other and then reversibly separate upon release. Sliding would occur between the graphene cell walls. This is supported by literatures ([@R39]) and also the in situ scanning electron microscopy (SEM) observation zoom-in at the cell walls during the compress-release process ([Figs. 3 and 5A](#F3){ref-type="fig"}; figs. S15, S18, and S23; and movies S3 and S4). As schematically shown in fig. S15E, this process would dissipate/consume energy because of van der Waals adhesion and/or mechanical friction between the contacted graphene cell walls. Moreover, if the covalent bond and single-layer graphene behave in fully elastic deformation without internal friction or damping as generally accepted ([@R40], [@R41]), then the unbuckling process would not consume energy. In addition, the cell walls in our 3DGraphene foam consist mainly of single-layer graphene sheets without interlayer shear/friction ([@R42]) during unbuckling. This is different from most traditional materials ([@R2], [@R14]), where the internal friction or damping will consume notable energy during the buckling/unbuckling process. The sample showed a high recoverability in such a single uniaxial compress-release operation (\~99.4% of its original height at 4 K), and the \~0.6% residual strain is only observed in the first-time measurement and is not accumulated in the subsequent ones (see more details in the cyclical test below). The small (\~0.6%) residual strain in the first cycle is mostly because of some tiny imperfections, such as those of surface contact between the sample and the test head, and local imperfections of graphene cell wall that resulted in an irreversible change in the structure at the initial cycling. The remarkable elasticity of the 3DGraphene foam is preserved from RT to deep cryogenic temperature. Stepwise compress-release cycles with increasing maximum strain values (30, 50, 70, and 90% strains) were also carried out along the axial and radial directions of the sample at 4 K. The negligible difference among the results ([Fig. 2C](#F2){ref-type="fig"}) demonstrated both the isotropy and strain independence of the elastic behavior at deep cryogenic temperatures.

![Mechanical properties of the 3DGraphene foam at cryogenic temperature of 4 K.\
(**A**) Schematic of measurement and optical images demonstrating reversible super-compressive elasticity of the 3DGraphene foam at 4 K. Dotted boxes mark the cylindrical sample with both 15 mm diameter and height; yellow and green arrows indicate the moving directions of the test head. The brightness and contrast of the optical images are enhanced for clarity. Scale bars, 1 cm. (**B**) The single-cycle stress-strain curve at 4 K is almost completely the same with the curve at RT (both along the axial direction at a rate of 0.1% strain s^−1^). (**C**) Strain versus time curve of a stepwise compress-release measurement with increasing maximum strains but a constant rate (0.1 strain s^−1^) and the corresponding stress-strain curves of such measurements at 4 K along both axial and radial directions. (**D**) Young's modulus and Poisson's ratio plots versus applied engineering strain (and the relative density of the compressed 3DGraphene foam) at 4 and 298 K, showing almost identical Young's modulus variation trend and constantly near-zero Poisson's ratio. (**E**) Stress-time curves of 100 compress-release cycles along the axial direction at 4 and 298 K. Each 2-s cycle was performed between 0 and 90% strain at a rate of 90% strain s^−1^, as shown in the inset. The stress values at 0 and 90% strains of each cycle were emphasized by labeling symbols, and the dashed and dotted lines correspond to least-squares fittings of stress at 0 and 90% strains of each temperature, respectively. Almost identical and overlapping stress-time curves indicate the great cycle stability of the material maintained even at cryogenic temperature. (**F** and **G**) The Young's moduli (F) and near-zero Poisson's ratios (G) both remain unchanged during the cycling test at 4 and 298 K, showing the great cycle stability down to deep cryogenic temperatures. Error bars in (D), (F), and (G) represent SDs for repeated measurements.](aav2589-F2){#F2}

![In situ SEM observations of reversible compressive elasticity of the 3DGraphene foam at 4 K.\
(**A** and **B**) Totally reversible deformation of the microstructure for the first (A) and ninth (B) compress-release cycles. (**C** and **D**) Magnifications of the marked zones with increasing compressive strains, demonstrating deformations of the graphene sheets during compression. (**E** and **F**) Overlaps of marked zone 1 with 0% strain in the first and ninth compress-release cycles (E) and of marked zone 2 with 77.9% strains in the first and ninth compress-release cycles (F), and the images of the first and ninth cycles are digitally processed with green and red colors, respectively. Scale bars, 100 μm (A and B), 10 μm (C and D), and 20 μm (E and F).](aav2589-F3){#F3}

To precisely obtain the Young's modulus at specific engineering strains, unloading-reloading cycles with small true strain changes were periodically inserted in a single monotonic compression of the sample (Supplementary Methods and fig. S3). These measurements were carried out at both RT and 4 K, and the statistical results (repeated measurements of five samples and five times for each one) are summarized in [Fig. 2D](#F2){ref-type="fig"}. The Young's modulus remained almost constant at first and then increased with the engineering strain (also the increasing density of the compressed 3DGraphene foam). This trend was similar to that of the 3DGraphene foam in a fluid environment (air) ([@R25]) but, in comparison, exhibited slightly smaller modulus as expected (due to the vacuum condition). The obtained Young's modulus and its variation with engineering strain at deep cryogenic temperature of 4 K were almost identical with the RT ones (only tiny deviations were observed at large engineering strains) ([Fig. 2D](#F2){ref-type="fig"}), showing that the Young's moduli of the 3DGraphene foam are also maintained at deep cryogenic temperatures during its compression. Then, the sample was subjected to similar periodically inserted unloading-reloading cycle measurements (Supplementary Methods and fig. S4) to determine the Poisson's ratios at different engineering strains at both RT and 4 K. The Poisson's ratios of the material were observed to be always near zero and independent of strain and unaffected by low temperature ([Fig. 2D](#F2){ref-type="fig"}). The isotropy of Young's moduli and near-zero Poisson's ratios in compression of the material also remained from RT to cryogenic temperature (figs. S16 and S17).

The cycle stability of the mechanical behavior of the material was studied through cyclical compression and release processes for 100 times. This operation was conducted successively at 298 and 4 K for the same sample, and the stress-time curves are shown in [Fig. 2E](#F2){ref-type="fig"}. For the 100 loading-unloading cycles, each at 4 or 298 K, the almost identical stress versus time curve of every cycle indicates the great cycle stability and also the temperature invariance between RT and 4 K. The stress at 90% strain (larger than what was shown in [Fig. 2A](#F2){ref-type="fig"} because of the much larger strain rate here) for the initial several cycles decreased slightly, which is also caused by the probe head--sample contact issue due to the sample's surface roughness, but the stress remains almost constant in the subsequent cycles. Moreover, the tiny residual strain in the very initial loading-unloading cycle mentioned above does not accumulate and does not affect the subsequent cycles. The entire plot of the 100 cycles at 4 K almost completely overlaps with that at 298 K, indicating the remarkable elasticity and cycle stability even at 4 K. Furthermore, both the Young's moduli ([Fig. 2F](#F2){ref-type="fig"}; taking 75 and 45% engineering strains as examples) and Poisson's ratios ([Fig. 2G](#F2){ref-type="fig"}; taking 80 and 40% engineering strains as examples) remain stable during the 100 cycles at both 4 and 298 K. These values are essentially the same as those at 4 and 298 K, with small statistical errors in the entire cyclical measurement.

Micro--real-time in situ observation of mechanical properties at 4 K
--------------------------------------------------------------------

The mechanical behaviors of the macroscopic bulk graphene material at deep cryogenic temperatures prompt us to look directly at the microscopic structure and local graphene building blocks and their behaviors in the compress-release process at 4 K. For this purpose, we used a homemade sample platform with a precise positioner system equipped with heating/cooling head, which was set into a SEM system for the variable-temperature dynamic observation of the global and local deformation without resetting the sample or breaking the vacuum condition (Supplementary Methods). The SEM images ([Fig. 3](#F3){ref-type="fig"}, fig. S18, and movie S3) of the microscopic structure change for the 3DGraphene foam samples during compress-release cycles at cryogenic temperature of 4 K were recorded by such a modified SEM system in the low- temperature mode. Note that the microscopic structure was observed to behave almost completely reversibly during the compress-release cycles, with even large strains of up to 90% ([Fig. 3, A and B](#F3){ref-type="fig"}; fig. S18, A and C; and movie S3). The highly elastic and reversible bending/buckling of the graphene sheets (cell walls) and deformation of the nodes, which dominate the deformation of the microstructure under compressive strain, could also be directly observed ([Fig. 3, C and D](#F3){ref-type="fig"}, and fig. S18, B and D). The highly reversible compressive deformation for the bulk structure and the covalently interconnected individual graphene was further demonstrated by the almost unchanged SEM images before and after the compress-release cycles at 4 K ([Fig. 3, E and F](#F3){ref-type="fig"}).

Temperature-invariant mechanical properties from 4 to 1273 K
------------------------------------------------------------

The uniaxial and monotonic compress-release measurement was performed on the same sample at 12 different temperatures from 4 to 1273 K (movie S2 demonstrates compress-release cycles at 1273 K, similar to movie S1 for 4 K). The results are presented in a colored 3D surface form, and the stress exhibits no variation with the wide temperature range in both compression ([Fig. 4A](#F4){ref-type="fig"}) and release ([Fig. 4B](#F4){ref-type="fig"}) processes. Similarly, the Young's moduli and Poisson's ratios of the 3DGraphene foam during compression were also measured at temperatures of 77, 873, and 1273 K. At each specific strain, very similar Young's moduli at different temperatures were observed ([Fig. 4C](#F4){ref-type="fig"} and fig. S19). Simultaneously, all Poisson's ratios measured in a wide strain range between 10 and 80% and temperatures between 77 and 1273 K have almost the same values very close to zero, with only a very small fluctuation in magnitudes of \~10^−3^ ([Fig. 4D](#F4){ref-type="fig"} and fig. S20). Combining these results and those at 4 K ([Fig. 2D](#F2){ref-type="fig"}), the Young's modulus and near-zero Poisson's ratio of the material demonstrated a remarkable temperature independence in a wide temperature range from liquid helium temperature to 1273 K. The cycle stability of the 3DGraphene foam's mechanical properties (including stress-strain behavior, Young's modulus, and Poisson's ratio) was also studied successively at 77, 873, and 1273 K by cyclical compression and release, similar to those at 4 K. Negligible degradation of mechanical performance was persistently observed (fig. S21) for the same sample that underwent hundreds of complete cycles with up to 90% strain. The isotropic characteristic for the mechanical properties of the 3DGraphene foam is also temperature independent from 4 to 1273 K (figs. S16, S17, and S22). Furthermore, after high temperature mechanical tests, all the mechanical properties (stress-strain behavior, Young's modulus, Poisson's ratio, and cycle stability) at RT and low temperature remained unchanged (fig. S29) for the same sample.

![Temperature invariance of the mechanical properties of the 3DGraphene foam.\
(**A** and **B**) 3D surface graphs of the stress dependence on strain and temperature in the compression (A) and release (B) processes of the 3DGraphene foam, both exhibiting clear temperature invariance from 4 to 1273 K. (**C** and **D**) Grouped column graph (C) of Young's modulus and intensity map graph of Poisson's ratios (D) at a series of engineering strains measured at different temperatures, showing excellent temperature invariance of both Young's modulus and near-zero Poisson's ratio. Error bars represent SDs for the repeated measurements.](aav2589-F4){#F4}

DISCUSSION
==========

Although it has not been experimentally confirmed so far, many theoretical works have proposed that 3D monolithic ordered or random networks could be formed using graphene as the building unit and that they should not only be structurally stable but also exhibit, in principle, graphene intrinsic properties and other unique properties, including mechanical properties, at the macroscopic scale ([@R37], [@R38], [@R43], [@R44]). In these theoretically proposed monolithic 3D graphene network models, the graphene units are linked together by sp^2^ and/or sp^3^ carbon atoms at the junctions. The graphene foam material that was made here constitutes a 3D array of interconnected micrometer-scale units, where graphene sheets are linked mainly at the sheet edges through C─C or C─O bonds ([@R25], [@R35]). It can be seen as one example of such theoretically proposed 3D graphene networks, although it is not an ordered one, which provides a base for theoretical investigation of our material.

Thus, we carried out a theoretical investigation of the macroscopic mechanical properties of the 3DGraphene foam and its underlying mechanisms. Previous theoretical works generally modeled 3D graphene materials with a simple 3D network of graphene sheets without considering the connections, and their mechanical properties were analyzed with the relative density based on the classic theory of cellular materials and continuum mechanics ([@R25], [@R39]). In addition, few reports studied the 3D graphene materials by molecular dynamics simulations ([@R43], [@R44]). However, both of them mostly ignored the real situations of connections between the atomically thin graphene sheets in the bulk material. It would be ideal to build an accurate structural model for our 3DGraphene foam. However, the difficulties related to the high irregularity and randomness of the structure does not make this possible at the current stage ([@R3], [@R39], [@R43], [@R45]). However, it is possible to make some reliable estimations based on the basic configuration of the architecture and the cell elements (cell walls and nodes), with a honeycomb-configured cell walls having a commonly used connectivity of three ([@R37], [@R38]) in single nodes ([Fig. 1C](#F1){ref-type="fig"} and fig. S14). This is a reliable assumption for most cellular materials ([@R2]). Considering the complexity/disorder of the actual foam structure, we have made some modifications to improve the accuracy of the model (Supplementary Discussion). In situ observations have verified the microscopic structure of the material and elasticity through compress-release cycles at both a cryogenic temperature of 4 K ([Figs. 3](#F3){ref-type="fig"} and [Figs. 5A](#F5){ref-type="fig"}, figs. S18 and S23, and movie S3) and a high temperature of 1273 K ([Fig. 5A](#F5){ref-type="fig"}, fig. S23, and movie S4). Moreover, the temperature-invariant and reversible deformations of the individual graphene sheets such as bending and buckling under compressive strain of the sample were also directly observed ([Figs. 3](#F3){ref-type="fig"} and [Figs. 5A](#F5){ref-type="fig"} and figs. S18 and S23) in our experiments. Furthermore, rigorous comparison between the global microstructure and the zoom-in observation at the graphene cell walls and junctions before and after the mechanical tests directly confirmed the structural stability at the microscale ([Figs. 3](#F3){ref-type="fig"} and [Figs. 5A](#F5){ref-type="fig"} and figs. S18 and S23). On the basis of these results and using a simplified model with periodic honeycomb-like architecture (detailed in Supplementary Discussion), we have carried out the simulation of the elastic behavior for such graphene network considering several compressive deformation modes of the graphene structure, including elastic response of the cross-linked covalent bonds and elastic bending and buckling of the graphene cell wall ([@R3], [@R39], [@R43], [@R46]). In addition, our model combined previous theoretical conclusions of intrinsic mechanical properties of graphene and covalent bonds ([@R47], [@R48]), modified continuum mechanics, and cellular structure model ([@R2], [@R49], [@R50]). Compared with previous reports ([@R25], [@R39]), the graphene cell wall is treated as an atomically thin 2D graphene crystal, while the node is treated as covalent bonds rather than continuum graphene joint. Furthermore, to investigate the temperature dependence of the mechanical properties of the 3DGraphene foam in the compression process, we also introduced the intrinsic temperature dependence/influence of the structural elements (graphene cell wall and covalent bond) and their deformation (such as the dihedral angle torsion and bond angle bending of the covalent bonds that were located and occurred at the nodes and bending/buckling of the graphene cell walls) and corresponding parameters for this simulation into the calculation (Supplementary Discussion). The mechanical modeling and calculation that were carried out in our study began on the basis of structural and molecular mechanics ([@R40]). Note that our modeling and calculation started with a theoretical structural model ([@R2], [@R37]) and the intrinsic mechanical properties of covalent bonds ([@R51], [@R52]) and single-layer graphene sheets ([@R53], [@R54]).

![Simulation of the mechanical properties of the 3DGraphene foam in a wide temperature range down to the cryogenic region.\
(**A**) Overlays of the in situ SEM images for the full compress-release cycles of the same sample at 4 and 1273 K and enlargements for the labeled areas, showing that the structural stability and the reversible deformations of graphene sheets at microscopic scale are wide temperature independent. Green and red arrows mark the same graphene sheets at 4 and 1273 K. Scale bars, 100 μm (top row) and 25 μm (bottom row). (**B** and **C**) The theoretically simulated stress-strain curves agree well with the experimental results for the compression process of the 3DGraphene foam at 4 K (B) and 1273 K (C) and also with the well-matched simulated Young's modulus--engineering strain curves for 4 K \[inset of (B)\] and 1273 K \[inset of (C)\]. (**D** and **E**) Theoretically simulated temperature dependence curves of stress (D) and Young's modulus (E) fit well with the experimental data, suggesting almost negligible temperature influence on the stress-strain behavior and Young's modulus in the compression process of the 3DGraphene foam down to cryogenic temperatures. All error bars represent SDs for the repeated measurements.](aav2589-F5){#F5}

The theoretically simulated results of the material's mechanical properties in compression agreed well with the experimental results. The obtained simulated stress-strain curves and the Young's modulus in the compression process at a deep cryogenic temperature of 4 K match well with the experimental mechanical behavior observed, as shown in [Fig. 5B](#F5){ref-type="fig"} (and fig. S27), as well as those at a high temperature of 1273 K ([Fig. 5C](#F5){ref-type="fig"} and fig. S27) and at RT (figs. S26 and S27). The simulated curves of the temperature dependence for the stress ([Fig. 5D](#F5){ref-type="fig"}) and Young's modulus ([Fig. 5E](#F5){ref-type="fig"}) at different engineering strains also fit well with the experimental results. These results demonstrated that the origins of the temperature-invariant properties of the 3DGraphene foam are the quite small temperature influence on the mechanical properties of the chemically cross-linked nodes (covalent bonds) and the graphene sheets (cell walls) from 4 to 1273 K. The aforementioned simulation results are plotted in [Fig. 5E](#F5){ref-type="fig"}, the insets of [Fig. 5 (B and C)](#F5){ref-type="fig"}, and the inset of fig. S26, which all matched well with the experimental results from the Young's modulus measurement (and experimental results from the normal stress-strain curves). The simulation results not only demonstrated the same origins of the temperature invariance of Young's modulus down to a deep cryogenic temperature of 4 K but also proved the rationality of both our whole simulation and the approximate method for obtaining Young's modulus using the normal stress-strain curve.

These results indicate that both the unique architecture and the intrinsic mechanical properties of the graphene building blocks and covalent connections must all be critically important for the observed remarkable temperature-invariant mechanical properties of the graphene bulk material. First, graphene layers as the building blocks for the cell walls are stable over the whole investigated temperature range down to the deep cryogenic region and intrinsically have negligible temperature-dependent elastic and mechanical properties ([@R27], [@R47], [@R55]). Specifically, the individual single-layer graphene exhibits a small but finite bending stiffness (\~*k*~b~*T*, where *k*~b~ is the Boltzmann constant) of 0 to 1600 K by theoretical work ([@R47], [@R55]), and this finally leads to a negligible change in modulus of the 3D graphene structure with high-order approximation (Supplementary Discussion). As a result, the unique atomic structure of graphene endues its temperature-invariant and highly reversible elastic bending/buckling behaviors as the cell walls even at very large bending/buckling without any yield/breakdown at extreme temperatures, which ensures highly reversible (also temperature-invariant) elastic compress/release of the cell/framework. Second, the chemically cross-linked nodes also seem to be stable enough in the entire investigated temperature range, which is partially due to the highly thermal stability of C─O/C─C/C═C bonds (Supplementary Discussion). In addition, on the basis of the literature result ([@R48]), its bond length and, consequently, the force constants of elastic torsion and angle bending have negligible changes in the investigated temperature range (Supplementary Discussion). With these results, the cross-linking covalent bonds are intrinsically thermally stable and have temperature-invariant mechanical/elastic properties. Furthermore, the unique highly porous structure that endues the 3DGraphene foam can be seen and treated as a sum of many individual graphene sheets, but without exhibiting the strong coupling properties of the graphene sheets (as is the case for graphite) ([@R35]). This unique material structure allows the intrinsic mechanical properties of graphene to be translated into the bulk 3DGraphene foam built from it (even at deep cryogenic temperatures), even with the large number of covalent interconnections between the graphene sheets. In addition, from a structural view, the large void space between the walls offers the compress/release cushion space (Supplementary Discussion) and avoids local stress concentration at weak points ([@R2], [@R14]). Thus, the observations of such excellent temperature-invariant super-elasticity and other mechanical properties even down to liquid helium temperature indicate the high stability of the covalently bonded graphene network (architecture) that was proposed theoretically a long time ago ([@R37], [@R38]). Note that the elastic moduli of most metals and ceramics generally depend on temperature (*T*) because of anharmonic atomic vibration and thermal expansion/contraction, as *T*^4^ at sufficiently low temperatures (e.g., far below the Debye temperature), and linearly with *T* at higher temperatures ([@R56]). High elastic materials, such as silicone rubbers and polymeric foams, also have temperature-dependent elasticity ([@R10], [@R21]). Typically, below their glass transition temperatures, they become hardened and even brittle ([@R57]). Thus, the temperature-invariant elasticity of our 3DGraphene foam is completely different from conventional materials such as metals, ceramics, and polymers ([@R7]). Our results also offer a direct experimental proof that graphene shows negligible temperature dependence for its mechanical properties over the investigated wide temperature range here ([@R26], [@R27], [@R47]). This could be due to the unique bonding of carbon in the sp^2^-hybridized planar graphene sheets with soft out-of-plane bending modes and strong in-plane stretching modes with very high energy for defect formation ([@R34]). This coupling is crucial for the strong anharmonic behavior of graphene and leads to the unusual temperature independence of the mechanical properties ([@R27]). Moreover, it is believed that the overall structure and building blocks (covalently bonded single-layer graphene) are thermally stable within the tested temperature range, without any kinetic phenomena such as temperature-assisted atomic diffusion, mass transport, and phase transition ([@R44]). Thus, there are no kinetic phenomena that athermally control the mechanical response of these graphene foams.

Last, it is observed that the Young's modulus of our material nonlinearly increases from \~0.58 to \~100 kPa with an increasing material density (from \~1.5 to \~15 mg cm^−3^) in this process (fig. S30A). This means that the specific Young's modulus (the ratio of Young's modulus to density) of our material is about 0.4 to 6.7 MPa/(g cm^−3^). As an ultralight foam material, the specific Young's modulus is superior/comparable to other graphene foams, including the experimental results ([@R39]) and theoretical simulated results ([@R43]) or even those polymer foams ([@R2]), nanoporous silica ([@R58]), CNT aerogel ([@R21]), and ultralight metallic microlattices ([@R14]). As indicated above, the superior/compatible specific modulus originated from bending/buckling deformation of the graphene cell wall. It should also be noted that our 3DGraphene foam has a specific stress (the ratio of compressive stress to density) reaching \~0.30 and \~4.50 MPa/(g cm^−3^) at 45 and 90% strain, respectively, and the specific Young's modulus (the ratio of Young's modulus to density) is about 1.48 and 6.67 MPa/(g cm^−3^) at 45 and 90% strain, respectively. For the ideal graphene (cell wall) under out-of-plane deformation (bending and buckling) ([@R47]), the specific stress is \~0.47 and \~5.70 MPa/(g cm^−3^) at the 45 and 90% vertical deflection ratio, respectively, and the bending stiffness is 16.1 and 7.11 MPa/(g cm^−3^) at the 45 and 90% vertical deflection ratio, respectively. For the ideal graphene under in-plane stress ([@R59]), the specific strength is 5.75 × 10^4^ MPa/(g cm^−3^) and the specific Young's modulus is 48.7 × 10^4^ MPa/(g cm^−3^). These indicate that the specific stress and specific Young's modulus of our 3DGraphene foam are close to those of the ideal graphene under bending and buckling deformation, although far lower than those of ideal graphene under in-plane stress. With these results, we derived the modulus (*E*)--density (ρ) relationship of our 3DGraphene foam and compared it with that of other literature reports (fig. S30B). For our 3DGraphene foam, the Young's modulus (*E*) depends approximately quadratically on the compressed density (ρ), as *E* \~ ρ^2^. This scaling law indicates efficient load transfer to graphene cell walls and bending-dominated deformation ([@R2], [@R14]) during reversible buckling, similar to open cell stochastic foams. These results are consistent with the in situ SEM observation zoom-in at the graphene cell wall deformation ([Figs. 3 and 5A](#F3){ref-type="fig"}, figs. S18 and S23, and movies S3 and S4) and support the bending/buckling deformation mechanism (Supplementary Discussion). In contrast, some other low-density foam materials, such as aerogels and CNT foams, exhibit a steeper scaling of *E* \~ ρ^3^ ([@R14]) because of inefficient load transfer between ligaments. Considering the low-density and random cross-linking nature between the graphene sheets at the edges in this material, the similarity of specific stress and specific Young's modulus of our material to those of an individual graphene sheet is actually quite unexpected. This is because during compression of the macroscopic sample, the deformations of the graphene cell walls are mainly out-of-plane bending and buckling rather than in-plane compression/tension.

In summary, we have demonstrated highly reversible and robust compressive elasticity in 3DGraphene foam with up to 90% strain at the deep cryogenic temperature of 4 K, a property that has not been observed previously for any bulk material. Other mechanical properties, including the Young's modulus and near-zero Poisson's ratio for the graphene-only--based material, are also preserved down to liquid helium temperatures. Furthermore, all of these remarkable mechanical properties were demonstrated across a wide range of temperatures, from 4 to 1273 K, and are thus independent of temperature. These unique behaviors have never been reported for any other material. Temperature-independent reversible deformations of the structure and even building blocks (graphene sheets) were also directly observed at a microscopic scale using a modified temperature invariable in situ SEM. Our simulated mechanical properties and their relationships with temperature matched well with the experimental results, proving that the properties of 3DGraphene foam arise because of both the unique cross-linked graphene network architecture of the material and the temperature-independent mechanical properties of graphene building blocks and their flexible covalent interconnections in the investigated temperature range. The observed mechanical properties of this unique graphene bulk material (and also graphene sheets) at extreme temperatures indicate the potential for applications in outer space and other extremely low-temperature or harsh environments. Last, but maybe more excitingly, if similar bulk materials could be made from other 2D building blocks, using the same assembly strategy, some unexpected and fascinating properties, not only the mechanical aspect, might be discovered.

MATERIALS AND METHODS
=====================

Synthesis of 3DGraphene
-----------------------

Commercial materials were used directly for general chemicals unless otherwise indicated. GO was prepared by the oxidation of natural graphite powder using a modified Hummers' method, as described elsewhere ([@R25]). A previously reported solvothermal method ([@R25]) was carried out by using GO ethanol solution (0.5 mg ml^−1^) in a Teflon-lined autoclave at 180°C for 12 hours; then, the ethanol-filled intermediate solid was carefully removed from the autoclave to have a slow exchange of ethanol completely with deionized water. The water-filled intermediate was then freeze-dried. Last, it was annealed at 400°C for an hour in argon atmosphere to obtain the final 3DGraphene foam. The as-prepared 3DGraphene foam sample is shown in fig. S13.

Preparation of 3DGraphene samples
---------------------------------

The as-prepared 3DGraphene foam, with a density of \~1.5 mg cm^−3^, was cut using a continuous laser (450 nm and 2 W) into the desired shapes and sizes (cylinder shape or cubic shape with smooth surface for mechanical measurements and thin slides for the micro--real-time in situ SEM observation of mechanical properties). Before mechanical measurements or SEM observation, the samples were thoroughly dried in vacuum at 150°C for more than 2 hours. If using the density of graphite, ρ~g~ = 2.25 g cm^−3^, as the reference, the relative density of the material (ρ~r~ = ρ~a~/ρ~g~) was \~6.67 × 10^−4^ and the porosity of the 3DGraphene foam was \~99.93% (1 − ρ~r~).

Methods for statistical analysis and error bars
-----------------------------------------------

In [Figs. 2D](#F2){ref-type="fig"} and [4C](#F4){ref-type="fig"} (and [Fig. 4D](#F4){ref-type="fig"}), the Young's modulus (Poisson's ratio) at each test temperature was obtained using the above standard measuring method, and this procedure was repeated on five samples (five times for each sample). Then, the average values and SDs of the 25 sets of data were plotted as the Young's moduli (Poisson's ratios) and corresponding error bars at this temperature. The error bars in the insets of [Fig. 5 (B, C, and E)](#F5){ref-type="fig"} and figs. S16, S17, S19, and S20 were obtained using the same procedure. The error bars for Young's modulus data from the standard method in the insets of figs. S26 and S27 were also obtained following this method.

For [Fig. 2F](#F2){ref-type="fig"} (and figs. S21B and S29B), at each test temperature, the sample first completed the above standard process for Young's modulus measurement (same as fig. S3) and then was compressed-released between 0 and 90% strain at a rate of 90% strain s^−1^ for 19 cycles. Next, those (1 + 19) measurement cycles were repeated until a total of 100 cycles were completed. The whole process was repeated on five samples. Then, the average values and SDs of the five sets of data were plotted as the Young's modulus and corresponding error bars at this temperature. The error bars in [Fig. 2G](#F2){ref-type="fig"} (and figs. S21C and S29C) were obtained using a similar procedure except that the standard cycles for Young's modulus measurement were replaced by standard cycles for Poisson's ratio measurement.

For [Fig. 5 (B to D)](#F5){ref-type="fig"}, at each test temperature, the sample was cyclically compressed between 0 and 90% strain at a rate of 0.1% strain s^−1^ for five cycles, and this procedure was repeated for five samples. Then, the stress values and SDs were statistically calculated from the 25 cycles.

Because of the isotropy of the 3DGraphene foam, all data and results in the figures and texts were obtained from the axial direction of the samples except those results with specific statements and/or annotations, such as figs. S14, S16, S17, S22, and S24, which show the mechanical properties of the 3DGraphene foam along the different directions.
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Fig. S1. The schematic of the sample platform with precise positioner and temperature control in the SEM for in situ and variable-temperature characterization.

Fig. S2. Schematic of the homemade apparatus for mechanical property measurement from 4 to 1273 K.

Fig. S3. Measurements of the Young's modulus of the 3DGraphene foam at 4 K.

Fig. S4. Measurements of the Poisson's ratio of the 3DGraphene foam at 4 K.

Fig. S5. The schematic of the nodes under compression.

Fig. S6. The modeling architecture of the plane perpendicular to the compression direction.

Fig. S7. Schematic of the proposed elastic deformation of the 3DGraphene foam under compressive stress.

Fig. S8. The schematic of the periodic honeycomb-like cell architecture for modeling the 3DGraphene foam and enlargement of one unit cell under the applied compressive stress.

Fig. S9. The schematic of a cell node under the applied compressive stress.

Fig. S10. The schematic of elastic bending of the graphene cell wall under the applied compressive stress.

Fig. S11. The schematic of elastic buckling of the graphene cell wall under the applied compressive stress.

Fig. S12. The schematic of deeply elastic bending of the graphene cell wall at large strain of the sample.

Fig. S13. The photograph of the 3DGraphene foam samples.

Fig. S14. Cross-sectional SEM images of the 3DGraphene foam.

Fig. S15. Energy dissipation mechanism.

Fig. S16. Young's modulus--engineering strain plots along the axial and radial directions at different temperatures.

Fig. S17. Poisson's ratio at different engineering strain of the 3DGraphene foam along the axial and radial directions at different temperatures.

Fig. S18. In situ SEM observations of the 3DGraphene foam during compress-release cycles at 4 K.

Fig. S19. The Young's modulus versus applied engineering strain at different temperatures.

Fig. S20. The Poisson's ratio versus applied engineering strain at different temperatures.

Fig. S21. The cyclic stability at different temperatures.

Fig. S22. The stepwise compress-release cycles with increasing maximum strain along both the axial and radial directions at different temperatures.

Fig. S23. Comparison of the in situ SEM images of the same sample under 0, 45, and 90% strains in the compress process.

Fig. S24. Thermal expansion of the 3DGraphene foam in both axial and radial directions.

Fig. S25. A typical AFM image of GO sheets.

Fig. S26. The simulated stress-strain curve at 298 K.

Fig. S27. The simulated Young's modulus--engineering strain curves at different temperatures.

Fig. S28. The simulated tangent modulus--strain curves at different temperatures.

Fig. S29. Results of cyclic mechanical test at 1273 K and that of the following test at other temperatures for the same samples.

Fig. S30. The relationship between compressed density and Young's modulus with strain.

Movie S1. In situ optical observation for compress-release cycles of the 3DGraphene foam at 4 K and corresponding stress-strain transient curves.

Movie S2. In situ optical observation for compress-release cycles of the 3DGraphene foam at 1273 K and corresponding stress-strain transient curves.

Movie S3. In situ SEM observation for compress-release cycles of the 3DGraphene foam at 4 K.

Movie S4. In situ SEM observation for compress-release cycles of the 3DGraphene foam at 1273 K.
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